Millions of patients worldwide are affected by craniofacial deformations caused by congenital defects or trauma. Current surgical interventions have limited therapeutic outcomes; therefore, methods that would allow cartilage restoration are of great interest. A number of studies on embryonic limb development have shown that chondrogenesis is initiated by cellular condensation, during which mesenchymal progenitors aggregate and form 3D structures. Here, we demonstrated efficient regeneration of avascular elastic cartilage from in vitro-grown mesenchymal condensation, which recapitulated the early stages of chondrogenesis, including transient vascularization. After transplantation of vascularized condensed progenitors into immunodeficient mice, we used an intravital imaging approach to follow cartilage maturation. We determined that endothelial cells are present inside rudimentary cartilage (mesenchymal condensation) prior to cartilage maturation. Recreation of endothelial interactions in culture enabled a recently identified population of adult elastic cartilage progenitors to generate mesenchymal condensation in a self-driven manner, without requiring the support of exogenous inductive factors or scaffold materials. Moreover, the culture-grown 3D condensed adult-derived progenitors were amenable to storage via simple freezing methods and efficiently reconstructed 3D elastic cartilage upon transplantation. Together, our results indicate that transplantation of endothelialized and condensed progenitors represents a promising approach to realizing a regenerative medicine treatment for craniofacial deformations.
Introduction
It is becoming clear that manipulating dynamic intercellular interactions with proper spatiotemporal control is essential for developing 3D organs from stem cells (1) . For example, pioneering studies using animal models have suggested that endothelial cells not only form passive conduits to deliver nutrients and oxygen but also support proper organogenesis and regeneration through the elaboration of paracrine trophogens and/or direct cell-cell contact, especially in well-vascularized organs such as the liver, pancreas, and lungs (2) (3) (4) (5) (6) . In parallel with these improved understandings of basic developmental biology, early human organogenesis is now being recapitulated in a dish to grow 3D rudimentary organs (organ buds) from stem cells by reconstituting organogenetic cellular interactions (7) . However, the promise of rudimentary organ self-organization for generating relatively simple and "avascular" tissues has barely been explored.
The earliest events during cartilage development, specifically that of hyaline cartilage, have been extensively studied in the context of limb development. In this process, the progenitor cells condense to form an immature tissue aggregate, called a mesenchymal condensation, and they develop into fully mature cartilage with significant amounts of extracellular matrix (ECM) postnatally. However, little is known about the earliest cellular processes in ear (elastic) cartilage development, which also require self-organization. Here, we identified the presence of endothelial cells during the formation of rudimentary ear cartilage from mesenchymal progenitors. By reconstituting intercellular interactions in culture, endothelial cells stimulate the condensation of recently identified human ear-derived cartilage progenitor cells (CPCs) (8, 9) in a self-driven manner, without any exogenous support. These 3D condensed progenitors can be stored until future transplant use by a simple slowfreezing method. Importantly, we found that the transplantation of progenitor-derived mesenchymal condensations with endothelial cells much more efficiently reconstructed 3D cartilage compared with conventional methods. Overall, these results suggest the importance of rudimentary cartilage (mesenchymal condensation) transplants that include supporting cell types for growing a relatively simple and avascular tissue, which could be useful for realizing next-generation regenerative medicine therapies.
Results

Early vascularization of murine CPCs prior to terminal differentiation. Adult cartilage is a unique avascular, aneural, and alymphatic
Millions of patients worldwide are affected by craniofacial deformations caused by congenital defects or trauma. Current surgical interventions have limited therapeutic outcomes; therefore, methods that would allow cartilage restoration are of great interest. A number of studies on embryonic limb development have shown that chondrogenesis is initiated by cellular condensation, during which mesenchymal progenitors aggregate and form 3D structures. Here, we demonstrated efficient regeneration of avascular elastic cartilage from in vitro-grown mesenchymal condensation, which recapitulated the early stages of chondrogenesis, including transient vascularization. After transplantation of vascularized condensed progenitors into immunodeficient mice, we used an intravital imaging approach to follow cartilage maturation. We determined that endothelial cells are present inside rudimentary cartilage (mesenchymal condensation) prior to cartilage maturation. Recreation of endothelial interactions in culture enabled a recently identified population of adult elastic cartilage progenitors to generate mesenchymal condensation in a self-driven manner, without requiring the support of exogenous inductive factors or scaffold materials. Moreover, the culture-grown 3D condensed adult-derived progenitors were amenable to storage via simple freezing methods and efficiently reconstructed 3D elastic cartilage upon transplantation. Together, our results indicate that transplantation of endothelialized and condensed progenitors represents a promising approach to realizing a regenerative medicine treatment for craniofacial deformations. Interestingly, the mass and volume of the immature cartilage dramatically increased soon after vascularization, suggesting an extensive amplification of the progenitor cell population around days 2-7 ( Figure 1, A and C) . Afterward, the round CPCs adopted a polygonal chondrocyte-like morphology ( Figure 1C and D, bottom), as seen in the histological analysis around days 10-20 (Figure 1E) , and formed fully developed 3D elastic cartilage without any residual endothelial cells (Figure 1, C-E) . Blood vessels were maintained in the perichondral layer after 20 days in both the transplant and adult cartilage (Figure 1 , B and D, middle), and this tissue layer was previously shown to harbor CPCs with high chondrogenic potential in humans and mice (8, 9) . The formation of mature elastic cartilage in this ectopic model was further confirmed by both Alcian blue and elastica van Gieson (EVG) staining ( Figure 1E ). Although the classic literature suggests an orchestration between vascular regression and skeletogenesis in the chick limb (14) , few studies have reported the role of endothelial cells in embryonic ear cartilage development. Thus, it is important to note that the above results imply the importance of endothelial cells in the early stages of chondrogenesis in mammalian ear cartilage development.
To analyze whether transient vascularization occurs during cartilage regeneration in humans, human CPCs (hCPCs) were stimulated to undergo chondrogenic differentiation using a previously reported protocol (9) and introduced into a cranial window. Intravital imaging analysis showed that Kusabira-Orange-labeled (KOFP-labeled) cells were transiently vascularized until day 30, as demonstrated by the infusion of fluorophore-conjugated dextran. At day 60, the transplants had differentiated into mature chondrocytes and formed avascular cartilage (Supplemental Figure 1, A and B; supplemental material available online with this article; doi:10.1172/JCI76443DS1). Similarly, transplants derived from pellet culture, a standard regenerative method, were also invaded by functional vessels prior to cartilage formation (Supplemental Figure 1C ). Future studies are required to determine whether perichondral circulation alone, not whole parts of developing elastic cartilage, is sufficient. Thus, we observed the processes of initial vascularization and subsequent vessel regression not only during the course of natural cartilage development but also during cartilage regeneration.
Transient amplification of CPCs during the early-vascularized stage. Macroscopic and histological analyses of developing ear cartilage showed a dramatic increase in size after the early-vascularized stage (Supplemental Figure 2A) , suggesting extensive amplification of the progenitors and subsequent matrix deposition. Quantitative analysis of mCD31 and laminins costaining at multiple developmental stages showed that from P0 to P30, the average distance from the CPCs to the endothelial cells was shortest (17.8 ± 8.7 μm) at P2, indicating that P2 was the most highly vascularized stage in the immature cartilage ( Supplemental Figure 2B) . To examine progenitor cell proliferation during this earlyvascularized stage, we performed immunohistological analysis for the cell-cycle marker Ki67 (8, 9) . The presence of proliferating CPCs was demonstrated by immunostaining against the primary cell surface receptor for hyaluronan (CD44) (ref. 15 and Supplemental Figure 2C , upper panel). In addition, we quantified the number of Ki67-positive cells in the chondral layer, and the results tissue. Due to the simplicity of this tissue, tissue engineering is considered to be the most promising and relevant method for treating chondrogenic defects (10) . Although previous molecular studies have shown that mesenchymal progenitors or dedifferentiated chondrocytes can be stimulated to adopt a chondrogenic fate by extrinsic factors, such as TGFs or FGFs (11), little is known about the cellular dynamics that allow progenitor cells to form a 3D mass of cartilage. To establish a method for stimulating chondrocyte differentiation of ear-derived CPCs with high efficiency, we initially sought to analyze the ontogenetic multicellular dynamics during chondrogenesis. Specifically, we focused on the earliest process of chondrogenesis, during which mesenchymal condensation is established, to identify the critical cellular types to recapitulate in culture.
To gain insight into the dynamic cellular processes that occur during early chondrogenesis, we established a live imaging platform to track the fate of CPCs during ear-derived elastic cartilage development (8, 9 ). An explanted immature ear cartilage sample was introduced under a transparent cranial window, because the easy optical access allowed for repeated, long-term, and noninvasive imaging (12, 13) . Interestingly, we found that the immature cartilage was vascularized within 3 days after transplantation ( Figure 1A ). To eliminate the possibility of this result being an artifact related to the ectopic transplant model, we performed histological analysis of native murine ear cartilage at multiple developmental stages. The presence of endothelial cells supported by basement membrane proteins was confirmed inside the mesenchymal condensation from P0 to P2, as visualized by coimmunostaining for mCD31 and laminins ( Figure 1B ). To further analyze the cartilage formation process, we performed repeated intravital confocal microscopy, and the results showed the formation of a clearly patent endothelial network inside of and/or adjacent to the immature cartilage ( Figure 1C , arrowheads), as visualized using fluorophore-conjugated dextran and an Alexa Fluor 647-conjugated mouse-specific CD31 (mCD31) antibody infused via tail-vein injection. lial cell interactions in culture by modifying our published protocols ( Figure 2A ). After several refinements of the culture protocols, 2 × 10 6 hCPCs and 8 × 10 5 HUVECs were resuspended and plated on Matrigel that had been presolidified on a 24-well plate (7) . Strikingly, without the aid of conventional scaffold materials, the mixed cells autonomously condensed to form a transplantable 3D tissue mass 24 hours after being plated onto the precoated Matrigel ( Figure 2B and Supplemental Video 1). Endothelial cell-derived secreted factors provided with a Transwell were not sufficient to induce mechanically stable and condensed tissue formation. The autonomous cell condensation process required both Matrigel presolidification and endothelial cell coculture, suggesting that endothelial cells help strengthen the contractile force of the CPCs to achieve self-condensation under the defined conditions ( Figure  3A ). Confocal microscopic analysis showed rigorous endothelial sprouting inside the in vitro-derived condensed tissues after 4 days of culture ( Figure 3B) . The 3D tissues, or vascularized condensed progenitors, that were generated were physically stable and could be manipulated with a spatula in vitro. Hence, we directly transplanted the tissues into immunodeficient mice to assess their terminal differentiation in vivo. Optimal ratios of hCPCs and HUVECs in the coculture were determined by subrenal capsular transplantation analysis, and the results indicated that a 5:2 hCPC/HUVEC ratio was the most efficient for cartilage regeneration in vivo (Supplemental Figure 3 and Figure 3C ). Under the optimized conditions, we then Figure 2B ). These results suggest that one possible effect of early vascularization is to promote the initial expansion of CPCs.
To assess the effect of endothelial cells on cell proliferation, hCPCs were cocultured with human endothelial cells in a Transwell system. Human CPCs were isolated from the ear perichondrium, as previously described (9) . We plated the primary hCPCs at a low density (1,000 cells/cm 2 ) and then cocultured them with HUVECs, or with other cell types in control experiments, in an insert. On day 12 of the coculture, we quantified the total number of hCPCs using whole-well imaging based on nuclear staining, and the results showed extensive proliferation of CPCs in the presence of endothelial cells (Supplemental Figure 2E) . Interestingly, other cell types, such as mesenchymal stem cells, dermal fibroblasts, and chondrocytes, did not stimulate this proliferation. These results support the hypothesis that the endothelial cell-specific amplification of CPCs may at least be responsible for the initial growth of immature cartilage.
Self-condensation of human ear-derived CPCs by recapitulating early endothelial cell interactions. The above results led us to examine the potential contribution of early endothelial interactions in inducing progenitors to regenerate human elastic cartilage. Hence, we established a culture platform to recapitulate endothe- identical so as to make a fair comparison. Alcian blue staining at day 15 showed that the CPCs began producing proteoglycans earlier than did the pellet culture transplants (Supplemental Figure  5A , upper panel), suggesting that they were efficiently induced to undergo chondrogenic differentiation. At day 30, the vascularized transplants were strongly positive for proteoglycans (Supplemental Figure 5A , middle panel). At day 60, terminally differentiated mature chondrocytes were distributed homogenously in the majority of the transplants in which progenitors were transplanted along with endothelial cells (Figure 5B, left) . In contrast, a much smaller proportion of the pellet transplants, which lacked endothelial cells, were positive for proteoglycans at days 15, 30, and 60 ( Figure 5B , right). Quantification of the Alcian blue-positive area in sections taken from the widest point of the specimens showed that the average area of the vascularized transplants was 3.27-fold larger than that of the conventional pellet-cultured transplants ( Figure  5C and Supplemental Figure 5B ). Previous studies have reported a beneficial effect of sFlt1 expression on in vivo articular cartilage regeneration by muscle-derived stem cells, indicating that constitutive inhibition and reduction of VEGF signaling or vasculogenesis/angiogenesis is beneficial for cartilage regeneration (17, 18) .
Although our results at least superficially contradict these previous observations, we assume that this mechanism is potentially relevant in the later phase of our system, i.e., the vessel regression phase of the cartilage regenerative process. These results suggest that early endothelialization at the condensed stage and subsequent regression ultimately promote rapid and efficient elastic cartilage formation from human progenitors in vivo.
The establishment of functional blood vessels is essential for successful cartilage formation from progenitors in vivo. To elucidate whether host vessel anastomosis and functional blood perfusion transplanted the tissues into a cranial window to track the fate of the endothelial cells in vivo. Macroscopic examination revealed that the initial vascularization was recapitulated in the human vascularized transplants at day 3, similar to what was observed in murine E18.5 ear cartilage transplants ( Figure 4A ). At day 10, perichondral localization of FITC single-positive functional human vessels at the surrounding chondrium was demonstrated intravitally using an infusion of FITC-conjugated dextran and an Alexa Fluor 647-conjugated mCD31 antibody ( Figure 4B ). The quantification of transplanted fluorescent HUVECs over time showed that the majority of cells in the transplants regressed over time until 18 days after transplantation except for surrounding perichondral layers ( Figure 4C ). At day 30, the generated tissues were harvested, and histological analysis demonstrated that the cells in the vascularized transplants had differentiated into mature chondrocytes (Supplemental Figure 4) and formed an elastic cartilage that was rich in proteoglycans and elastic fibers (Figure 4 , D and E). Furthermore, immunohistochemistry revealed that the regenerated cartilage contained a collagen I-positive perichondrium enveloping an aggrecan-positive chondral layer ( Figure 4F ). After cartilage maturation, the human endothelial cells remained inside the regenerated perichondral layer, similar to that observed in native cartilage ( Figure 4G) .
Evaluation of cartilage formation efficiency compared with a conventional pellet culture transplant. To compare the cartilage formation efficiency of this method with that of a conventional method, CPCs were subjected to pellet culture, which is a well-characterized method for cartilage differentiation (16) , and transplanted into the contralateral portion of the vascularized transplant inside the cranial window ( Figure 5A ). In this series of experiments, the initial seeding cell number (2 × 10 6 ) in each method was completely are essential, we established a model in which the transplants were completely separated from the host circulation by a nanomesh (pore size = 0.45 μm). This approach allowed only the entry of diffusive factors from the preexisting host vessels and did not allow blood flow (Supplemental Figure 6, A and B) . Interestingly, once functional vessel formation was inhibited, the CPCs failed to form a mature cartilaginous tissue (Supplemental Figure 6C) . Immunohistological analysis showed that perfusion-deficient transplants were negative for collagen II (COL2) but were positive for caspase 3 antigen at day 15, suggesting that the apoptotic cell death pathway was activated (Supplemental Figure 6D) . Thus, in addition to intercellular interactions with endothelial cells, blood perfusion into the transplants seems to be essential for the successful maturation of progenitors into chondrocytes. En bloc cryopreservation of self-condensed progenitors. Establishing a method to preserve pieces of vascularized condensed progenitors until future transplantation is important for facilitating the broader use of this regenerative therapy worldwide. For this reason, we sought to evaluate a potential en bloc cryopreservation method that would allow us to remove restrictions regarding the timing and volume of the transplants. Vascularized condensed progenitors grown from hCPCs were removed with a spatula on day 4 of culture and subjected to cryopreservation en bloc under 2 conditions: a slow-freezing method and a reported vitrification method (Supplemental Figure 7A and ref. 19 ). We examined cell viability just after thawing based on trypan blue staining, and the results showed that the slow-freezing method using TC-Protector was quite effective for tissue cryopreservation in terms of cellular survival (88% cells were viable with the slow-freezing method, whereas only 74% were viable with the vitrification method). Based on this optimization, human tissues cryopreserved for 30 days were thawed and directly transplanted into the subcutaneous space of immunodeficient mice. One month after transplantation, the hCPCs had successfully reconstructed human cartilage in vivo (Supplemental Figure  7 , B and C). These results suggested that the generated 3D and vascularized condensed progenitors could be stored and ready to use for transplantation using a conventional slow-freezing technique without losing their tissue-regenerative capacity.
Discussion
The spatiotemporal control of dynamic cellular interactions is essential for controlling stem cell behavior and ultimately contributes to the growth of 3D and complex organs from stem cells (20) . Although the importance of supporting cell types in well-vascularized organ regeneration is being intensely studied, little is known about avascular organs such as cartilage. To the best of our knowledge, we are the first to report the supportive role of endothelial cells in establishing avascular tissues from human tissue-specific progenitors. More specifically, early interactions with endothelial cells trigger the initial expansion of CPCs and promote the self-aggregation of a 3D condensation of progenitors without any scaffold materials and in the absence of exogenous factors. Although the molecular mechanism of this significant effect on promoting avascular tissue regeneration remains to be determined, our results highlight the unique role of endothelial cells in elastic cartilage regeneration from progenitors. This knowledge presents a possible new paradigm in regenerative biology, i.e., the importance of intercellular communication, that could be applied to the regeneration of simple and avascular tissues as well as complex organ systems. Due to its avascular nature, a number of antiangiogenetic proteins have been purified from extracts of adult cartilage (21) . Most studies have specifically used fully developed mature cartilage, which inhibits angiogenesis from surrounding vessels. From this perspective, our live imaging system provides a new tool for analyzing the chronological process of the exclusion of preexisting vessels, rather than the protection in the mesenchymal condensation that naturally occurs during the early stages of chondrogenesis. Further studies on time-dependent molecular and cellular changes related to vascular regression will possibly aid in the identification of a new antiangiogenic agent for targeting tumor neovascularization.
Millions of reconstructive surgeries for craniofacial deformities or traumas are performed annually worldwide (22) . Current surgical treatments generally rely on the use of autologous tissue grafts, such as rib cartilage. However, these approaches place a significant burden on donor sites and are associated with poor long-term tissue maintenance, highlighting the need for novel maximum at 548 nm, with a slight shoulder at 515 nm, and a bright orange fluorescence, with an emission peak at 561 nm.
Transplantation in vivo.
For the mouse explanted immature cartilage transplantation experiments, pregnant GFP mice (C57BL/6-Tg [CAG-EGFP]) were obtained from Japan SLC Inc. After carefully removing the surrounding connective tissue, immature ear-derived cartilage was dissected from E18.5 CAG-EGFP mice and transplanted into preformed cranial windows in NOD/SCID mice (Sankyo). For the human cartilage reconstruction experiments, in vitro-generated vascularized condensed progenitor cells were collected by hand with a microspatula and directly transplanted into the cranial windows or subcapsular sites of NOD/SCID mice (13) . The transplantation procedures were described in our previous article (27) . Subcutaneous transplantation was also used in a part of this study aimed at future clinical use, since the primary indication for elastic cartilage regeneration will be craniofacial deformities, as noted in our previous article (9) . As controls, CPCs from the same donor were also subjected to conventional pellet culture (28) . Approximately 2 × 10 6 cells were placed in a 15-ml polypropylene tube and centrifuged at 500 g for 5 minutes at 4°C. After 2 days of culture in chondrogenic induction medium (9), the pelleted cells were introduced into the contralateral portion of the cranial window. The in vivo fate of the transplanted cells was monitored by intravital imaging using a Leica TCS SP5 confocal microscope (Leica Microsystems).
Visualization of functional blood vessels in vivo.
Tail-vein injections of 1% tetramethylrhodamine-conjugated dextran (MW 2 × 10 6 ) and FITC-conjugated dextran (MW 2 × 10 6 ) (all from Invitrogen) were used to identify vessel lumens. To visualize the murine vasculature, Alexa Fluor 647-conjugated mouse-specific CD31 antibody (BD Biosciences -Pharmingen) was injected intravenously (27) .
Tissue processing and immunostaining. Tissues were fixed overnight at 4°C in 4% PFA, processed, and embedded in paraffin. Transverse sections (4 μm) were placed on MAS-coated slides (Matsunami Glass Ind. Ltd.) for either immunostaining or standard histological staining with H&E, Alcian blue, and EVG. Immunostaining was preceded by antigen retrieval in citrate buffer (pH 6.0) at 70°C. The primary antibodies used were anti-human CD31 (Dako), anti-laminins (Dako), anti-mouse CD31 (BioLegend), anti-human type II collagen polyclonal antibodies (Chemicon), and anti-Ki67 (Abcam). Tissue sections were incubated with Alexa Fluor-conjugated secondary antibodies (Life Technologies) for 1 hour at room temperature, followed by DAPI (Sigma-Aldrich) for nuclear staining. The images were acquired using a Zeiss LSM510 laser scanning microscope.
Quantification of Alcian blue-positive areas. The widest point of the sections from each vascularized or conventional transplant were stained with Alcian blue and imaged for further quantification. Image J software (NIH) was used to quantify the Alcian blue-positive area, as described previously. Briefly, the blue color was defined by selecting 1 blue area and then clicking the Image/Adjust/Color threshold tool and the Sample button. Then, the image was converted into an 8-bit binary image, and the Alcian blue-positive area was calculated using the Analyze/Measure tool.
Endothelial cell Transwell coculture experiments. HUVECs from passages 3-5 were used for the coculture experiments. Before being cocultured with the CPCs, the endothelial cells were plated into 6-well Transwell membrane inserts (BD Biosciences) at 3 × 10 4 cells/Transwell in DMEM/F12 with 10% FBS. As controls, CPCs, mesenchymal stem cells, dermal fibroblasts, and chondrocytes were plated in Transtherapeutic strategies. To overcome these limitations, we have recently identified a promising progenitor cell population in the adult ear perichondrium, both in humans and mice, which has been shown to regenerate both chondrium and perichondrium (8, 9) . The maintenance of self-renewing progenitors in the perichondrium is expected to maintain the regenerated tissue over the long term. Current regenerative strategies for 3D cartilage reconstruction follow the basic principles of tissue engineering and use 3 components: cells, scaffolds, and growth factors (23) . However, ensuring the efficient regeneration of a cartilage structure clearly remains a major challenge (24) . More specifically, only a small fraction (10%~20%) of mesenchymal progenitors have been shown to successfully undergo mature chondrocyte differentiation in vivo (25) , highlighting the need for strategies to stimulate efficient cartilage formation from human progenitor cells. We succeeded here in establishing a simple and highly efficient regenerative technique by transplanting rudimentary cartilage (mesenchymal condensation) self-assembled from cocultures of human progenitor cells and endothelial cells. Upon transplantation, these tissues efficiently regenerated elastic cartilage by mimicking transient vascularization.
Notably, we also demonstrated that the generated 3D tissues could be stored using a conventional slow-freezing technique. Preserved vascularized condensed progenitors were ready to use for transplantation and maintained their tissue-reconstructive capacity in vivo. This potential for cryopreservation will dramatically accelerate the clinical application of this method worldwide, because limitations associated with the location and timing of culture could be overcome in the near future. Taken together, when combined with HLA-matched endothelial cells and our recently identified adult progenitor cells, the transplantation of allogeneic vascularized condensed progenitors represents a promising new approach for the realization of next-generation regenerative medicine therapies for patients with craniofacial defects.
Methods
Isolation and cultivation of hCPCs. Elastic cartilage samples were obtained from microtia patients. We stripped off the adipose tissue and microscopically separated the perichondral layer. The dissected tissues were then cut into small pieces and digested for 2 hours at 37°C with shaking in PBS containing 0.2% type II collagenase (Worthington Biochemical Corp.). The cells were passed through a 100-μm nylon mesh (BD Biosciences) and then washed 3 times with PBS. The cell suspensions were cultured in DMEM/F12 medium (Sigma-Aldrich) supplemented with 10% FBS (lot 7219F; ICN Biochemicals Inc.) and 1% antibiotic-antimycotic solution (Sigma-Aldrich) in 5% CO 2 at 37°C.
Retroviral transduction. For live imaging, the cells were infected with retroviruses expressing EGFP or Kusabira-Orange (KOFP), as previously described (13) . Briefly, the retroviral vector pGCDNsam IRES-EGFP or KOFP was used to transfect 293GP and 293GPG packaging cells (provided by Masafumi Onodera, National Research Institute for Child Health and Development, Tokyo, Japan), in which viral particle production was triggered using a tetracycline-inducible system (26) . Supernatants collected from retrovirus-infected cultures were passed through a 0.45-μm filter (Whatman; GE Healthcare) and used immediately for infection. KOFP displays a major absorption wavelength jci.org Volume 124 Number 10 October 2014
to remove the cryoprotectants. Then, the tissues were quickly transplanted under the skin of immunodeficient mice. Statistics. The data are expressed as the mean ± SD or SEM of at least 4 independent experiments. The number of each experiment is shown in the figure legends. Comparisons between 3 or 4 groups were analyzed using the Kruskal-Wallis test by rank, and post-hoc comparisons were made using the Mann-Whitney U test with Bonferroni's correction. Two-tailed P values of less than 0.05 were considered statistically significant.
Study approval. The mice were bred and maintained according to our institutional guidelines for the care and use of laboratory animals. All animal studies were approved by the IACUC of Yokohama City University (approval nos. 11-63 and 11-68). Elastic cartilage samples were obtained from microtia patients following the approved guidelines established by the ethics committee of Yokohama City University (approval no. 03-074).
